Aims Ezrin, radixin, and moesin (ERM) proteins have been implicated in regulating signalling molecules. The aim of the present study was to investigate the activity and subcellular distribution of ERM proteins in cardiac myocytes from both Wistar and diabetic Goto-Kakizaki (GK) rats, and the role of these proteins in mediating the downstream effects of the cardiac sarcolemmal Na þ /H þ exchanger (NHE1) activation in response to cell acidification. Methods and results Immunofluorescence microscopy revealed that activated ERM proteins were localized predominantly at the intercalated disc regions in left ventricular (LV) myocytes of both Wistar and GK rats under basal conditions. After acid loading, profound changes in activated ERM distribution were observed in both groups of myocytes, with immunolabelling detected in regions corresponding to the transverse tubules. This correlated with a marked increase in phospho-ERM levels in both groups, which was higher in GK myocytes and blocked by NHE1 inhibitor treatment. Levels of phospho-Akt paralleled those of phospho-ERM under the various experimental conditions used; in particular, the marked acid-induced increase in both phospho-ERM and phospho-Akt in GK myocytes was abolished by an NHE1 inhibitor treatment. Moreover, the pattern of glycogen synthase kinase-3b (GSK-3b) phosphorylation in these myocytes was strikingly similar to that observed for Akt activity under the conditions used. Conclusion Activated ERM proteins mediate the effects of acid-induced NHE1 activation in LV myocytes. Akt is a downstream effector in the cascade activated by NHE1-ERM interaction. In addition, GSK-3b phosphorylation is required for downstream effects of NHE1/ERM-Akt signalling.
Introduction
Previous studies suggest that cardiac sarcolemmal Na þ /H þ exchanger (NHE1) activity plays a causal or permissive role in the development of cardiac hypertrophy. [1] [2] [3] [4] We recently demonstrated that left ventricular (LV) myocytes from the Goto-Kakizaki (GK) rat model of type 2 diabetes are exquisitely sensitive to a small decrease in intracellular pH (pH i ¼ 6.8-6.9) such as that observed during mild ischaemia, exhibiting a marked increase in NHE1 activity.
5 Elevated NHE1 activity was associated with activation of the Akt pathway and coupled with the development of LV myocyte hypertrophy. 5 Akt activation and myocyte hypertrophy were both blocked by chronic administration of an NHE1 inhibitor, suggesting a major role for the Akt pathway in mediating the hypertrophic effect of increased NHE1 activity. However, molecular links between the ion exchanger and Akt activity in cardiac myocytes remain unknown.
Ezrin, radixin, and moesin (ERM) proteins are closely related proteins originally identified as cytoskeleton crosslinkers and important components of cell structure. 6 Inactive ERM proteins are retained in the cytoplasm in a closed conformation that masks transmembrane protein-binding sites in their N-terminal (FERM) domain and F-actin-binding sites in the C-terminal region. 7 Thus, the intramolecular interaction must be disrupted to allow these proteins to bind to their partners. The mechanism of activation (i.e. open conformation) requires the binding of ERM proteins to phosphatidylinositol 4,5-biphosphate (PIP 2 ) followed by phosphorylation at conserved C-terminal threonine residues. 8, 9 Active ERM proteins assemble and integrate signalling molecules to exert diverse downstream effects. [10] [11] [12] In this respect, a direct binding of ERM proteins with NHE1 has been observed in fibroblasts. 13 In epithelial cells, NHE1 is primarily present at the basolateral surface [14] [15] [16] and its association with active ERM proteins regulate Aktdependent cell survival. 12 To the best of our knowledge, the subcellular distribution of ERM proteins in cardiac myocytes is not known. As to the transmembrane protein NHE1, it was shown to be localized predominantly in the intercalated disc regions of cardiac myocytes in ventricular sections of normal rat hearts.
17 NHE1 immunolabelling was also observed, although less intense, in the transverse tubular system of cardiac myocytes in that study. 17 If the association between NHE1 and active ERM proteins does occur in cardiac myocytes, active ERM (i.e. phosphorylated) proteins should be present at the same specific sites of the sarcolemmal membrane as NHE1. Therefore, our first aim in this study was to investigate ERM protein activity and localization in cardiac myocytes under basal conditions with low activity of NHE1. Secondly, we examined the hypothesis that ERM protein activity and distribution are affected under intracellular acidification, which is the primary trigger for NHE1 activation. In addition, we explored the signalling cascade downstream from NHE1/ ERM activation likely to be involved in the development of LV myocyte hypertrophy. This study was carried out in LV myocytes from adult Wistar and GK rats, the latter being highly sensitive to mild acidification, 5 as mentioned above.
Methods

Animals
Male diabetic GK rats were obtained from the Paris colony. 18, 19 Agematched Wistar rats were used as control animals. Wistar and GK rats were assigned to two groups: animals were fed with a standard diet (untreated Wistar and GK, both n ¼ 22) or a diet containing 6000 parts per million of the selective NHE1 inhibitor cariporide (Aventis Pharma, Frankfurt, Germany) beginning at 4 weeks of age for 10-12 weeks (both n ¼ 20).
2,5 Animal characteristics have been described previously. 5 In particular, the hypertrophic phenotype in diabetic GK rat hearts was determined at ventricular level from the increased biventricular weight to tibial length ratio (by approximately 22%), and at LV myocyte level from the increase (approximately 50%) in whole-cell membrane capacitance. Animal care and procedures were in accordance with the guidelines formulated by the European convention for the protection of vertebrate animals used for experimental purposes, and institutional guidelines no. 86/609/CEE November 24, 1986.
Isolated myocytes
To assess cellular kinase activity, individual myocytes were isolated from the LV wall of perfused hearts. Rats were anaesthetized with thiopenthal sodium (5 mg/100 g body weight, i.p.). Hearts were quickly excised from the chest, cannulated via the aorta, and perfused at 378C, at a rate of 5 mL/min, with a Hanks-Hepes buffer solution. After 5 min of washing, enzymatic digestion was achieved by recirculating fresh buffer containing collagenase (0.28 mg/mL, Yakult, Tokyo, Japan) and protease type XIV (0.05 mg/mL, Sigma, St Louis, MO, USA) for 45-60 min. The heart was then removed from the perfusion apparatus and the LV was cut into small pieces. Individual cells were obtained by gentle agitation of the chunks in enzyme-free buffer. Rod-shaped LV myocytes were used on the day of isolation. 5, 20, 21 NHE1 is nearly quiescent at resting pH i 7.1; therefore we induced intracellular acidification to activate NHE1 by addition and then removal of NH 4 Cl (10 mmol/L) in bicarbonate-free HEPES-buffered Tyrode's solution. 20 All the solutions had a pH of 7.4 at 378C. Where indicated, Rho-kinase (ROCK) inhibitor II, Akt inhibitor API-2 (Merck Biosciences, Beeston/Nottingham, UK) or hydroxyfasudil monohydrochloride (Sigma) was added 20 min before the NH 4 Cl prepulse (all inhibitors dissolved in dimethyl sulphoxide, final concentration ,0.1%, except for hydroxyfasudil monohydrochloride which was dissolved in H 2 O). All the experiments were performed at 36 + 18C.
Western blot analysis
Whole-cell lysates (20-40 mg protein) were obtained under basal pH i conditions and following intracellular acidification, as previously described. 5 Lysates were resolved by sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis and immunoblotted with specific antibodies to phospho-ezrin (Thr567)/radixin (Thr564)/ moesin (Thr558), ezrin, phospho-Akt (Ser473), Akt, phospho-mTOR (mammalian target of rapamycin) (Ser2448), mTOR, phosphop70S6K (Thr389, Thr421/424), p70S6K, phospho-GSK-3b (Ser9) (Cell Signaling Technology, Beverly, MA, USA), and GSK-3b (Santa Cruz Biotechnology, CA, USA) and secondary antibody goat antirabbit horseradish peroxidase conjugate (Amersham Biosciences, Freiburg, Germany). To quantify the extent of phosphorylation of each kinase, the phosphorylated band density was expressed relative to the intensity of the total protein band.
Immunolabelling
Freshly isolated myocytes, obtained under basal pH i conditions and following intracellular acidification, 5 were fixed with paraformaldehyde for 10 min and treated as described. 22 They were incubated overnight with antibody directed against phospho-ERM (pERM, 1:50 dilution) and then with anti-rabbit IgG coupled to Alexa Fluor 488 (green, 1:100 dilution; Invitrogen, Paisley, UK). Incubations involving both the antibody directed against RyR2 (1:50 dilution; Affinity BioReagents, Golden, CO, USA) and the antibody directed against pERM were done simultaneously overnight. Secondary antibodies were anti-mouse IgG coupled to Alexa Fluor 594 (red, 1:100 dilution) and anti-rabbit IgG coupled to Alexa Fluor 488 (green, 1:100 dilution), respectively. Incubation with primary antibodies was omitted for negative controls. Samples were analysed either using an ApoTome imaging system based on an Axio Observer microscope or by confocal scanning laser microscopy (LSM-510) (both systems from Carl Zeiss, Inc.) using X63 oil-immersion objectives (numerical aperture 1.4). Three-dimensional reconstruction images were obtained using the processing software AxioVision 4.6 (Carl Zeiss, Inc.).
Statistical analysis
Data are presented as means + SEM. Results were analysed using Student's t-test or analysis of variance followed by the Tukey post hoc test to identify differences between groups. Values of P , 0.05 were considered significant.
Results
ERM activation and subcellular localization in cardiac myocytes
Inactive, cytosolic ERM proteins require phosphorylation at conserved C-terminal threonine residues 8 for unfolding, translocation to the plasma membrane, and cross-linking between integral membrane proteins and cytoskeleton. 7 We used fluorescence microscopy to detect the immunocytochemical localization of phospho-ERM in single cardiac myocytes under basal conditions. Phospho-ERM signal was predominant and intense at the intercalated disc regions in both Wistar and GK LV myocytes ( Figure 1A ). Sparse labelling was occasionally detected along the lateral sarcolemma. However, phospho-ERM was detected at intercalated disc regions in approximately 99% and 98% of the myocytes isolated from Wistar and GK rat hearts, respectively ( Figure 1C) .
We then determined whether phospho-ERM distribution is affected by intracellular acidification. We found profound changes in phospho-ERM subcellular distribution in both groups of cells after acid loading ( Figure 1A) . There was NHE1/ERM proteins interaction in cardiac myocytes clear dotted immunolabelling along the lateral sarcolemma. Furthermore, we observed strong dotted staining at regions probably corresponding to transverse tubules in the myocytes. These changes were more marked in GK LV myocytes than in Wistar LV myocytes, being detected in approximately 98% of GK cells and 60% of Wistar cells ( Figure 1C ). Figure 1C also shows that phospho-ERM immunolabelling near the T-tubules was present in a smaller number of cells acidified in the presence of the NHE1 inhibitor cariporide (1 mM). To establish phospho-ERM protein distribution at the transverse tubular system in acidified cells, we co-labelled the wellcharacterized ryanodine receptor 2 (RyR2), located in the The left-hand image shows a high magnification view of dual labelling of phospho-ERM (green) and RyR2 (red) in a GK LV myocyte after acidification. The image corresponds to one optical section in the z-axis (1 mm beneath the membrane surface; thickness: 200 nm). Horizontal bars ¼ 10 mm. On the right-hand side is a three-dimensional image of phospho-ERM (green) and RyR2 (red) immunolabelling in a GK LV myocyte after acidification. Arrows indicate the entrance of T-tubules at the membrane surface. (C ) Bar graph gives the percentage of LV myocytes with specific phospho-ERM staining at the intercalated disc regions under basal conditions, and in regions corresponding to the transverse tubules 1 min after acidification, for Wistar (open bars) and GK myocytes (black bars). At least 70 myocytes were analysed in at least four hearts for each group. # P , 0.001 vs. Wistar after acidification, ***P , 0.001 and *P , 0.05 vs. untreated Wistar or GK. CARI, cariporide; Rho-kII, Rho-kinase-inhibitor II.
vicinity of T-tubules. Dual-labelling experiments of activated ERM and RyR2 confirmed that activated ERM proteins following acidification are localized close to RyR2 ( Figure 1B) , but are not uniformly distributed inside the cells.
Therefore, we measured the levels of phospho-ERM proteins under basal conditions and after intracellular acidification. Cell lysates obtained under basal conditions and after acidification were assayed for the active ERM conformation by immunoblotting with anti-phospho-ERM antibody. Basal ERM phosphorylation was similar in the two groups of myocytes, and ERM phosphorylation was increased after induction of acidification in both Wistar and GK LV myocytes (Figure 2A ). Although significant (P ¼ 0.026), this increase was less marked in Wistar myocytes than in GK LV myocytes (P , 0.001 compared with basal level). Furthermore, phospho-ERM stimulation in acidified GK myocytes was blocked by NHE1 inhibitor treatment, suggesting a role for the exchanger in ERM activation. Several kinases phosphorylate ERM family proteins at threonine residues in the Cterminal domain, including ROCK. 8 GK myocytes treated with ROCK inhibitor II (1 mM)
23 during acidification had a lower level of ERM phosphorylation than that observed in these cells without ROCK inhibitor II. This difference in phosphorylation levels (approximately 26% decrease) was smaller than that observed in myocytes from GK rats treated with the selective NHE1 inhibitor (approximately 46% decrease) (Figure 2A) . This is in agreement with the small reduction in the percentage of cells showing phospho-ERM immunolabelling near the T-tubules in the presence of ROCK inhibitor II (1 mM) ( Figure 1C) . Similar results were obtained in the presence of the ROCK inhibitor fasudil (30 mM, data not shown). These findings indicate that acidification stimulates ERM phosphorylation and leads to significant changes in the phospho-ERM distribution pattern in cardiac myocytes.
Signalling cascade downstream from NHE1/ERM activation
We recently showed that Akt is activated following a marked acid-induced increase in NHE1 activity. 5 We determined whether or not this occurs through an ERM-dependent mechanism. Under experimental conditions similar to those in our previous study, Akt phosphorylation ( Figure 2B ) was increased in GK LV myocytes following acidification, and showed a tendency to increase in Wistar myocytes. Phospho-Akt stimulation in acidified GK myocytes was completely blocked by NHE1 inhibitor treatment. We observed a significant decrease in phospho-Akt when the ROCK inhibitor was applied to these acidified myocytes, although this decrease was smaller than that in acidified myocytes from GK rats treated with the NHEI inhibitor cariporide. To further clarify the role of the Akt pathway, we examined ERM phosphorylation in acidified GK LV myocytes exposed to the Akt inhibitor, API-2 (10 mM).
5, 24 The level of ERM phosphorylation was unchanged (Figure 2A) , thus indicating that Akt is clearly downstream from ERM activation.
Akt phosphorylates multiple substrates, thereby regulating the apoptotic response 12 as well as cell hypertrophy. 25, 26 Akt activation is coupled to the development of hypertrophy in GK LV myocytes. 5 The regulation of cell size by Akt seems to be mediated by Akt phosphorylation and by subsequent downstream phosphorylation of glycogen synthase kinase3b (GSK-3b) 27, 28 and the mTOR. [29] [30] [31] The phosphorylation of mTOR leads to increased protein synthesis via phosphorylation of downstream targets such as the p70 ribosomal S6 protein kinase (p70S6K). 30 We demonstrated that the levels of phosphorylation of mTOR and its downstream target p70S6K, which were the same under basal conditions in both Wistar and GK LV myocytes, remained unchanged after acidification in these two groups of myocytes ( Figure 3A and B) . These observations suggest that the mTOR/p70S6K pathway does not contribute to Akt-mediated hypertrophy in GK LV myocytes.
In contrast, we detected an increase in GSK-3b phosphorylation in acidified GK LV myocytes, that paralleled the marked acid-induced increase in Akt activity ( Figure 3C ). Unlike most protein kinases, GSK-3b remains active in the resting state. Upon phosphorylation by upstream kinase such as Akt, it becomes inactive, thereby removing its negative constraints on hypertrophy; this represents a unique mechanism of NHE1/ERM proteins interaction in cardiac myocytes cardiac hypertrophy. 27, 28 Phosho-GSK-3b levels were nearly doubled after acidification in GK LV myocytes. NHE1 inhibitor treatment reversed the change in phospho-GSK-3b activity (P , 0.001). Phospho-GSK-3b stimulation was similarly blunted in GK myocytes exposed to the Akt inhibitor, API-2, during acidification. The acid-induced increase in GSK-3b phosphorylation was also significantly reduced in GK myocytes treated with Rho-kinase-inhibitor II. Thus, NHE1-ERM signalling may be transmitted through Akt to the downstream effector GSK-3b.
Discussion
In this study we report: (i) The subcellular distribution of activated ERM proteins in cardiac LV myocytes; (ii) activated ERM subcellular distribution was markedly changed in cardiac myocytes following intracellular acidification; (iii) activated ERM proteins mediate the effects of acid-induced NHE1 activation; (iv) Akt is a downstream effector in the NHE1/ERM-mediated signalling cascade; (v) GSK-3b phosphorylation is a downstream effector of activated Akt signalling in LV myocytes of type 2 diabetic GK rat hearts.
Activated ERM proteins are predominantly located at the intercalated discs in cardiac LV myocytes under basal conditions. Phosphorylation of ERM proteins at the conserved threonine residue in the actin-binding site (T567 in ezrin, T564 in radixin, T558 in moesin) results in the localization of these proteins to actin-rich membrane regions, 6, 8, 32 such as those represented by fasciae adhaerentes in the intercalated discs. 33 Specific polyclonal antibodies directed against the Na þ /H þ exchanger NHE1 in rat myocardium have previously revealed predominant localization of this protein at the intercalated disc regions.
17 NHE1 has been shown to directly interact with phospho-ERM proteins in fibroblasts 13 and more recently in a human renal epithelial cell line; 12 thus, this direct interaction may also exist in cardiac LV myocytes. We also observed marked changes in the subcellular distribution of phospho-ERM in response to acidification in Figure 3 Phosphorylation status for mammalian target of rapamycin (mTOR) (A), p70S6K (B), and glycogen synthase kinase-3b (GSK-3b) (C ) under basal conditions and 1 min after acidification. Autoradiograms show representative western blots. Bar graphs show the ratio of phosphorylated to total protein for mTOR (A), p70S6K (B), and GSK-3b (C) in left ventricular (LV) myocytes from untreated Wistar (open bars) and Goto-Kakizaki (GK) rats (black bars) and from cariporidetreated GK rats (grey bars). Data are from between six and nine experiments with cells from Wistar (n ¼ 5 or 6) and GK hearts (n ¼ 5 or 6) for each condition. LV myocytes for both normal and diabetic rat hearts; in particular, immunostaining was detected in regions probably corresponding to transverse tubules. Although this staining was less intense than in the intercalated discs, NHE1 immunolabelling has previously been detected along the transverse tubular system in longitudinal sections of rat ventricles. 17 Furthermore, we showed that acidification is associated with a specific phospho-ERM distribution pattern in LV myocytes of both Wistar and diabetic GK rat hearts; this pattern was observed in a greater number of GK rat cells than Wistar rat cells ( Figure 1C) . ERM distribution in acidified myocytes is most likely to be related to the degree of phosphorylation of ERM proteins which we found to be increased in both groups of myocytes, with a greater increase observed in GK myocytes. Increased phospho-ERM in these myocytes was reversed to basal level by NHE1 inhibitor treatment. Furthermore, isolated myocytes exposed to the NHE1 inhibitor (1 mM) during acidification were less susceptible to changes in phospho-ERM distribution. Thus, it seems likely that activated NHE1 interacts with phosphorylated ERM proteins. Our findings are consistent with previous observations in renal tubular epithelial cell lines, demonstrating that NHE1 stimulation leads to ERM activation. 12 In addition, these previous observations suggested involvement of a direct NHE1-ERM interaction. It remains to be determined whether acidinduced activated ERM at regions corresponding to the transverse tubules was derived from a pool of newly phosphorylated ERM or whether previously activated ERM was translocated from the intercalated disc regions. However, phospho-ERM content was significantly higher after acidification than at basal levels in both groups of myocytes; it therefore seems likely that ERM proteins were newly phosphorylated in these cells. Phospho-ERM content may also depend on the activity of several kinases such as ROCK. 8, 10 Indeed, ROCK activity has been used in previous studies to evaluate the extent of phosphorylation of ERM family proteins. 34, 35 We found that acidified GK LV myocytes exposed to the selective ROCK-inhibitor II had lower levels of phospho-ERM than acidified cells in the absence of this inhibitor. This effect, however, was less marked (by approximately 50%) than that observed with NHE1 inhibitor treatment, again highlighting the major role of NHE1 in ERM activation during cell acidification.
Our study also shows that phospho-Akt levels parallel those of phospho-ERM under the various experimental conditions used; in particular, the marked acid-induced increase in phospho-ERM and phospho-Akt levels was abolished by treatment with NHE1 inhibitor in GK myocytes. Our findings for LV myocytes are therefore consistent with a previous study by Wu et al. 12 on renal cell lines, showing that activated NHE1 associates with ERM proteins, resulting in the activation of the kinase Akt. We previously demonstrated 5 that marked Akt activation associated with enhanced NHE1 activity in GK LV myocytes is coupled with the development of hypertrophy. Although several studies have demonstrated that NHE1 plays a role in the signalling cascade leading to cardiac hypertrophy, 1-4 the molecular events involved are poorly understood. Only one of these previous studies showed that Akt activity is decreased upon reversal of hypertrophy by NHE1 inhibitor treatment, 4 consistent with our results. 5 We found that the activity of mTOR, one of the possible prohypertrophic pathways downstream of Akt, 36 remains unchanged in acidified GK LV myocytes when Akt is markedly activated. In contrast, we observed changes in GSK-3b phosphorylation that paralleled Akt activity, revealing increased phosphorylation when Akt activity was markedly stimulated or, conversely, reduced phosphorylation when Akt activity was reduced. GSK-3b is among the best characterized Akt substrate and much attention has been focussed on its role in cardiac myocyte hypertrophy. 36 GSK-3b activity is inhibited upon phosphorylation by Akt. GSK-3b inhibits a key component of the protein translation machinery, as well as a number of transcription factors believed to be involved in the induction of the hypertrophic gene expression programme; thus, inhibition of GSK-3b promotes both protein synthesis and gene transcription. 27, 28, 36, 37 The hypertrophic effect of increased NHE1 activity was observed only in GK LV myocytes in our previous study and this increased activity was revealed at mildly acidic pH i values (pH i 6.8-6.9).
5 Under basal conditions, NHE1 activity was indeed the same in both GK and Wistar myocytes when no change in steady-state pH i values was observed.
5 Interestingly, phospho-ERM levels determined in the present work were similar in both groups of myocytes under basal conditions, whereas their increase following intracellular acidification paralleled that in NHE1 activity, 5 the increase being less in Wistar myocytes compared with GK myocytes. This seems to indicate that a certain degree of NHE1 activity and of ERM activation is required in order to trigger the hypertrophic process. Our data may appear to be somewhat at variance with those obtained in the hypertrophic myocardium of spontaneously hypertensive rats (SHR) exhibiting increased Na þ /H þ exchanger activity, in which basal pH i was reported to be higher than in normotensive rats. 38 However, the pH i sensitivity of NHE1 is largely determined by inhibitory and excitatory phoshorylation, 39 and the balance of these two factors may be somewhat different in SHR myocytes and in GK myocytes. It would therefore be important to explore the role of phospho-ERM in other models of cardiac hypertrophy in which the link between NHE1 activity and myocardial growth has been established. [1] [2] [3] [4] 38 Although there was a tendency for an increase in phospho-Akt in acidified Wistar myocytes, it was less marked than the increase in phospho-ERM. The signal downstream from Akt was attenuated to an even greater extent: no change was detected in GSK-3b phosphorylation upon acidification. It is therefore possible that a certain degree of NHE1 activation has to be reached in cardiac myocytes to promote sufficient ERM phosphorylation and its associated changes in subcellular distribution, and to promote sufficient levels of downstream Akt activation and its inhibitory phosphorylation of GSK-3b. Alternatively, or in addition, the duration of the signal, i.e. a sustained increase in NHE1 activity, may also be an important determinant of ERM activation. GSK-3b phosphorylation may also be mediated via ERK 1 2 signalling through p90RSKs, 40 suggesting that other environmental factors may affect GSK-3b phosphorylation status. Indeed, we previously reported 5 a less marked acid-induced increase in ERK phosphorylation in Wistar myocytes than in GK myocytes. Further work will be required to clarify this point.
This study is the first to demonstrate the subcellular distribution of phospho-ERM proteins in cardiac myocytes and the role of these proteins in mediating the downstream effects of NHE1 activation in response to cell acidification. Such changes in pH i resemble conditions associated with impaired myocardial perfusion. 41 In addition, our findings provide further insight into mechanisms explaining the role of NHE1 activation in cardiac hypertrophy.
